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Sound Science: Maintaining
Numerical and Statistical Standards
in the Pursuit of Noise Exposure
Criteria for Marine Mammals
Andrew J. Wright *
Environmental Science and Policy, George Mason University, Fairfax, VA, USA
Establishing noise exposure criteria for marine mammals has proven to be a difficult
and contentious issue. Over the last decade, several attempts have been made to
provide scientifically-based exposure criteria. While representing the “best available
science” on the issue, these criteria, and the assumptions underpinning them, have led
to considerable discussion among both scientists and policy-makers. However, one area
where there has been little or no debate is around the use of appropriate statistical
and other numerical procedures in the various criteria-establishing methodologies.
A common issue, arising from a desire to include as much data as possible, is
pseudoreplication. Examples from acoustic criteria are the use of many data points
from a single animal to establish a value for one species and the use of several points
from one species to set values for a functional hearing group. Less fundamental, but
equally problematic for the application of the criteria to policy, is the failure to adequately
represent uncertainty around proposed criteria through the use of confidence intervals.
Other issues include the uneven treatment of different data in terms of transformation
protocols and extrapolation, and the determination of which “outliers” to discard. Each
of these errors introduces bias into the resulting criteria. Thus, despite the paucity of
relevant data, we need to meet such statistical standards to truly provide objective advice
that rises to the level of the “best available science.”
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INTRODUCTION
Establishing noise exposure criteria for marine mammals has proven to be a difficult and
contentious issue. Early limits were set mostly on expert opinion, allowing for extensive debate
over their merits. There was thus much interest in the first comprehensive attempt to address
the issue with scientifically-based methodology (Southall et al., 2007). Despite criticisms, this
methodology represented, at the time, the “best available science” on the issue. Although not
universally adopted, this methodology has been subsequently adapted and expanded (National
Oceanic and Atmospheric Administration (NOAA), 2013, based largely on Finneran and Jenkins,
2012), criticized and counter-proposed (e.g., Wood et al., 2012; Tougaard et al., 2015), and revised
(NOAA, 2015, based largely on Finneran, 2015).
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Much of the discussions have been focused on how to use
auditory weighting appropriately for marine mammals where
data is lacking or non-existent. Weighting functions (which
are effectively the mirror image of an audiogram) are used to
determine the level of sound as it is perceived by any given
animal. For example, the level of a dog whistle is down-weighted
substantially under human weighting curves as we are not
very sensitive (if at all) at those frequencies. Southall et al.
(2007) produce fairly flat M-weighting curves for five functional
hearing groups, the application of which drew criticism from
Tougaard et al. (2015). Criteria proposed since have been moving
toward applying species-specific inverse-audiograms (much like
human A-weighting; Finneran and Jenkins, 2012; NOAA, 2013;
Tougaard et al., 2015). However, disagreement persists over if, or
how, these can be applied to the management of species gathered
in groups, even those based on related hearing capabilities (e.g.,
Finneran, 2015; Tougaard et al., 2015).
Other major areas of disagreement include: the use of
individual species to represent entire hearing groups; the
extrapolation of any data to the low-frequency hearing group
(baleen whales) where no data exist; the use of masked hearing
thresholds; what exactly represents the onset of “injury”; and
how natural variability should be considered. The applicability
of data on hearing and threshold shifts collected using different
methodologies and the transition of pulsed to non-pulsed sounds
with distance from the source are likely to be added to this list
following decisions made in the latest criteria proposal (NOAA,
2015).
One area where there has been little or no debate is
around the use of appropriate statistical and other numerical
procedures. This may be because there is no significance
testing involved, which would probably have led more scientists
to consider this aspect. However, establishing noise exposure
criteria involves several numerical elements that should be
subjected to statistical standards and other numerical best
practice. Accordingly, this manuscript discusses some of these
concerns, drawing from several attempts to propose criteria,
but focusing on the most recent (NOAA, 2015) proposal given
that it supersedes much included in the earlier reviews and
efforts.
PSEUDOREPLICATION
Pseudoreplication is the application of statistical techniques to
data from “replicates” that are, in some way, not statistically
independent (Hurlbert, 1984). While most frequently recognized
by scientists when attempting to assess significance in their data,
the specter of pseudoreplication still looms over the use of data
when attempting to create generalized audiograms, weighting
curves or criteria for PTS or TTS (permanent or temporary
threshold shift) onset. This is due to the need to avoid using
multiple samples that are not independent to generate trends
(e.g., Lazic, 2010; Vaux et al., 2012). Interestingly, Southall et al.
(2007) went to quite extensive lengths to avoid pseudoreplication
in the data considered for behavioral criteria, but still considered
TTS information obtained from the same animal across two (or
more) different studies (e.g., Bottlenose dolphin BEN: Finneran
et al., 2002, 2005). Pseudoreplication in these criteria is thus an
oversight that has, surprisingly, persisted through the various
discussions and revisions (including by this author) to date
(e.g., NOAA, 2015; Tougaard et al., 2015) almost completely
unchallenged.
The most recent criteria proposal (NOAA, 2015) suffers from
pseudoreplication in numerous places. For example, the auditory
and exposure weighting functions for each functional hearing
group are based on composite audiograms (Finneran, 2015
Section 5 and Figure 16). These were generated by taking the
median of all available audiograms from animals within that
hearing group, after they had been normalized to 0 (zero) by
adjusting each audiogram by the value at its most sensitive point.
Prior to taking the median audiograms, the mean of any multiple
measures for any given individual at any given frequency was
calculated to facilitate this.
Leaving aside the issue of taking medians and means in a
logarithmic scale, this introduced pseudoreplication into the
procedure as multiple audiograms from a single species were
used to construct the composite. Animals from the same species
would be expected to have similar audiograms, which would
mean that each audiogram ceases to be independent. Thus, if six
audiograms from one species, Species A, were incorporated into a
mean/median with one audiogram from another, Species B, then
Species A would be over-represented at the expense of Species
B. While not influencing the significance of a statistical result,
this obviously introduces biases into the results. Accordingly, the
audiograms from any given species should have been combined
prior to the attempt to generate a more generalized audiogram
for any given hearing group.
Later in the process of producing weighting functions
Finneran (2015, Section 91) take another step in which
the auditory weighting functions are converted to exposure
weighting functions by fitting them to all the available data on
behaviorally obtained TTS onset levels for that hearing group
(Finneran, 2015, Figure 17). Here multiple data points from
the same species and even the same individuals were included
to provide the best fit (e.g., the data from the source labeled
as “Finneran, 2013” in Finneran, 2015, Figure 18). However,
this potentially introduces pseudoreplication on two levels.
Firstly, multiple points from the same individual would not be
independent in an effort to produce a generalized TTS onset
function for that species and should thus be combined prior to
aggregation, as discussed above. Secondly, if multiple data sets
from one species are included they too would not be independent
when considering functional hearing groups and thus should
also be combined prior to the creation of cross-species
composites.
Here the solution seems a little more complicated, given that
multiple points are needed to establish TTS onset across a range
of frequencies. However, TTS onset curves can be generated in
the same way as composite-audiograms, by individual species
and then functional hearing group in turn, in a stepped and even
1Although this section is for creating exposure functions for sonars, the direct
incorporation into the NOAA, 2015 draft criteria displays an intention to apply
this exposure function more generally.
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manner. A second option, akin to that suggested by Tougaard
et al. (2015) would be to use themultiple data points to determine
one value for the increase in SEL from audiogram-to-TTS onset
for any given individual, then species, then functional hearing
group. Additional data could be leveraged by applying TTS
growth rates (e.g., those proposed by NOAA, 2015), to TTS data
at levels above onset included in Table 6 (Finneran, 2015) to
estimate actual onset levels.
It should be noted that Finneran (2015) excluded the higher
value for TTS onset if there were two data points for the same
species taken at the same frequency. Similarly, any overlapping
audiogram points for the same animal at the same frequency
were averaged. While not specifically undertaken with the
goal of reducing pseudoreplication, these measures would have
slightly reduced the extent of the problem. However, extensive
pseudoreplication remained in the final composite audiograms
and proposed criteria. This has serious implications for the use
of medians, which tend to play down “outliers” in favor of more
similar groupings in data sets.
CONFIDENCE INTERVALS
Marine mammal noise exposure criteria have been approached
from a different perspective than the human A-weighting criteria.
In humans, a 1-s equivalent sound exposure level (SEL) is set
for an averaged continuous exposure of typically 8 h assuming
a working-day exposure. There is no convenient time-window
for this approach in marine mammals, so criteria are typically
focused on determining the cumulative SEL from a single
exposure event that is required to induce a particular impact
(e.g., PTS under Southall et al., 2007; NOAA, 2013, 2015).
With that in mind, efforts to date have typically determined
this level by taking a mean (or median) from the available
data.
Confidence inmeans andmedians is typically dependent upon
the spread around that data, as can be indicated by standard error
or confidence intervals (CIs). Such variability was considered
by the National Institute for Occupational Safety and Health
(NIOSH) when they set their human workplace criteria (NIOSH,
1998) at an A-weighted 85 dB (dBA, presumably re: 20 µPa given
that it is an-in air measurement). Based on data from 1172
males (Prince et al., 1997), NIOSH considered the probability
that individuals at different ages would develop a PTS in hearing
(i.e., permanent hearing loss) after various exposure periods (i.e.,
5–10 and >10 years) at different specified noise levels, each
with a 95% CI range (80, 85, and 90 dBA; Table 3-3 NIOSH,
1998). Different definitions of “hearing loss” were also considered
(Table 3-4 NIOSH, 1998) and exposure standards were ultimately
chosen with all that variability considered and expressly
presented.
With regard to marine mammal criteria Tougaard et al.
(2015) did not provide statistically generated CIs, but they
did present ranges of reported observations (e.g., TTS onset
in harbor porpoises at 100–110 dB above their pure tone
hearing threshold). Similarly, Southall et al. (2007) reported data
variability in the text of their review. However, the NOAA (2013,
2015) criteria proposals have not explicitly considered variability.
This may be partly due to the multi-stepped processes upon
which they are based (e.g., Finneran and Jenkins, 2012; Finneran,
2015), which make tracking the extent of uncertainty and
variability from raw data to criteria difficult. However, without
such detail a fully-informed decision cannot be made. This is
especially important when considering excess risk. Excess risk
is the proportion of a population sensitive enough to still suffer
undesirable consequences of exposure at levels below a given
criteria. NIOSH (1998) used the consideration of such variability
to set excess risk to 8% for human population. Exclusive use of
means and medians forces NOAA to accept an excess risk of
approximately 50%.
For example, TTS onset for the low-frequency hearing group
was estimated by Finneran (2015) by extrapolating from the
median hearing-threshold-to-TTS-onset value over the other
functional hearing groups. However, instead of a single value,
a more robust representation of the data would have (after
removing pseudoreplication) included means and CIs for each
hearing group, as well as for the groups combined. NOAA (2015)
would then have been able to consider the variability with other
available information, such as the fact that TTS susceptibility
increases at the most sensitive hearing frequencies (Wood et al.,
2012). If NOAA had then selected the lower CI, this would
be consistent with the incorporation of the lowest limits of a
possible population size when calculating sustainable potential
biological removal (PBR) level (e.g., Wade, 1998; Taylor et al.,
2000). However, such action is not possible without an indication
of variability in the data, preferably with an accompanied
assessment of statistical power.
PROCESS INCONSISTENCIES
Tougaard et al. (2015) noted that Southall et al. (2007) had
been inconsistent in their application of weighting to their
proposed criteria. Using unweighted sound levels to establish
criteria, but down-weighting values when testing to see if the
criteria were exceeded by applying M-weighting, Southall et al.
(2007) effectively proposed a more relaxed criteria than intended.
NOAA (2013, 2015) attempted to correct this in their more
recent criteria proposals. However, artificially relaxed criteria
may still result from the inconsistent treatment of audiograms
and TTS onset data in the underlying calculations (Finneran,
2015).
To demonstrate this we must consider the main objective and
all essential steps of Finneran’s (2015) process. The underlying
goal was to estimate how much a sound level needs to be
above hearing threshold to induce TTS. Given that any sound
weighting is conventionally set to 0 at the frequency of greatest
sensitivity, the total level of sound required to induce TTS onset
at that frequency is the same as the unweighted sound level,
making it easier to determine from published literature. This
value is essentially represented in Finneran’s (2015) models by
the parameter K (although C plays a minor role, which will be
discussed below).
While the exact process taken is difficult to determine from
the text, it appears that, in summary, Finneran (2015) took the
following steps to estimate K:
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1. Normalized all audiograms to 0 using the lowest point on any
given audiogram.
2. Produced a median composite normalized audiogram.
3. Created a mathematical function based upon the median
composite normalized audiogram.
4. Corrected this function to the maximum sensitivity of the
non-normalized audiogram for the hearing group.
5. Fitted the function to the non-normalized TTS onset data
(continuous exposures only), producing an exposure function
and the value for K.
By obtaining a median of the normalized audiograms, the
composite takes on a different shape to any individual audiogram.
Furthermore, despite shifting this composite to the maximum
sensitivity of the non-normalized audiogram, differences have
also been introduced between the level of each individual
audiogram and the composite normalized audiogram. However,
the actual TTS onset values are unaltered and remain “tied”
to those original audiograms. As a consequence, any individual
consistency in the hearing threshold-to-TTS onset component of
K across the hearing range becomes lost and the function-fitting
process becomes less meaningful.
To demonstrate this (setting aside the pseudoreplication
contained in every step of the process), let us apply the same
process to just two hypothetical data sets, each with an audiogram
and five TTS onset points (Figure 1). While the two audiograms
have different maximum sensitivities at different frequencies, the
two data sets have roughly equal and comparable offsets between
the threshold for signal detection (i.e., the audiogram) and TTS
onset levels (the offset is represented by Aχ in Figure 1A).
Following steps 1–3, the audiograms are normalized to 0 and
a median composite function is produced (Figure 1B, left). To
undertake step 4, a median composite function of the non-
normalized audiograms is also produced (Figure 1B, right). The
most sensitive part of the composite normalized audiogram is
then adjusted to be at the same level as the minimum point (and
thus maximum sensitivity) of the composite non-normalized
audiogram, in accordance with step 4 (Figure 1C).
The composite normalized audiogram is then converted to
a mathematical function, the parameters of which are then
adjusted (see Section 9, Figures 14–16, Finneran, 2015—a process
that itself is subject to pseudoreplication) to best fit the non-
normalized TTS data available to produce an exposure function
and estimate K (Figure 1D). The equivalent flattening is then
repeated for the original audiogram/weighting function, creating
a discrepancy at f0 between the sensitivity of that function and
that of the composite non-normalized audiogram (C in Finneran,
2015 and Figure 1E).
With the distribution of TTS onset data, the resulting
exposure function under-estimates impact on hypothetical
species 2 (blue points and associated TTS onset curve in
Figure 1E). However, even with the same TTS onset curves,
a different distribution of TTS data could produce a wildly
different result that more substantially under-estimated impact
on both species (e.g., the TTS onset function associated with K’
in Figure 1F).
Although the above description is simplified from the full
function-fitting process set forth in Finneran (2015) and adopted
in the NOAA (2015) criteria, the central criticism that non-
adjusted TTS onset data points for individuals are being fitted to
a composite audiogram remains. Additionally, Finneran (2015)
adds C to K to set the final TTS onset criteria (Table 8, Finneran,
2015). However, C results from the inconsistency of fixing the
audiogram/weighting function to the most sensitive level prior
to fitting, but fixing the exposure function and K to the data
after the fitting process. Regardless, K is obtained from real-
world unweighted data, which should be equal to conventionally
weighted levels at the most sensitive frequencies. In fact, C
is actually contained within K (Figure 1D), so its addition is
artificially inflating the final criteria. This effectively results in the
application of a less stringent weighting to criteria setting than
criteria implementation in the same manner as Southall et al.
(2007) and see Tougaard et al. (2015).
OTHER ISSUES
While the above issues represent the most extensive problems,
a range of other numerical issues can be found in the various
criteria. With relation to the newest criteria (NOAA, 2015),
these relate to (among other things): the use of proxies and
extrapolations when data are present (e.g., using TTS growth
rates from a chinchilla, rather than the available marine mammal
data); fitting curves to very small numbers of data points (e.g.,
pinniped weighting and exposure functions); and unreasonably
discounting actual data from entire species (e.g., excluding data
from auditory evoked potential studies.
PROPOSED ALTERNATIVE PROCEDURE
In an attempt to resolve the various above-mentioned issues, I
propose the following alternative procedure:
1. Calculate audiogram-to-TTS onset (A) for each individual,
either by using the lowest value or with indication of
uncertainty by providing CIs with the mean. Including all
available data would increase the statistical power of the
assessment and reduce the overall CIs. Data from animals
with known permanent hearing loss, or similar, should be
excluded.
2. Calculate an A value for each species in a similar way, then
an A value for each functional hearing group, with associated
CIs. These values can then be used to directly inform policy
makers on a possible weighted SEL level for TTS onset for each
functional hearing group.
3. Normalize one single mean audiogram (using absolute levels,
rather than dBs) for each species within each functional
hearing group.
4. Create an envelope function for all the normalized
audiograms, incorporating all audiogram points.
5. Adjust this to the most sensitive point on any single-
species audiogram from that hearing group (B) for use as a
weighting/exposure function.
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FIGURE 1 | Constructing criteria under Finneran (2015). (A) Two hypothetical data sets from species 1 and 2 (black and blue, respectively) with audiograms (solid
line), TTS onset data (filled circles), and associated TTS onset/exposure curve (hashed lines). For each species, A is the offset from hearing threshold to TTS onset at
any frequency and B is the lowest sound level audible at the point of greatest sensitivity (f); (B) The audiograms are normalized to 0 and a median composite hearing
function is produced (left), but a median composite function of the non-normalized audiograms is also produced (right); (C) The composite normalize audiogram is
adjusted to be exactly as sensitive as the composite non-normalize audiogram; (D) The exposure function is then adjusted (from red to black hashed lines) to best fit
the non-normalized TTS data to produce the exposure function and estimate TTS onset (K) at the most sensitive frequency (f0); and (E) The same fitting adjustments
(from red to black solid lines) are then replicated for the audiogram/weighting function (introducing gain, C). However, (F) the value of K is highly dependent on the
frequencies at which the TTS data was collected for each animal, even if different data points would have generated identical TTS onset/exposure curves.
This process would avoid pseudoreplication and several of
the other numerical issues raised above. It also provides a range
of values for K (i.e., B + Aχ), allowing for informed decision-
making and, if necessary, the selection of different values for
different legal standards. Furthermore, it would produce an
audiogram that would account for the sensitivities of all the
individuals measured to date. Given the limited number of data
sets, this process would also go some distance toward reducing
the potential for excess risk.
CONCLUSIONS
Much progress has been made in the advancement of
acoustic exposure criteria for marine mammals. However, much
uncertainty remains. Despite the need to rein in this uncertainty,
we must not break statistical rules and numerical conventions to
provide spurious solutions. Instead, we should seek to provide
regulators with the best available scientific advice possible, while
outlining the associated variability and uncertainty. This allows
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them to make the most informed decision possible, with due
consideration of the existing uncertainty, within their particular
legislative framework.
While it may be easy to forget that statistical standards,
and data independence in particular, are applicable to data use
for exercises other than significance testing, we must strive to
remind ourselves. It is especially tempting in the world of marine
mammals to use every available data point at our disposal.
However, if we break statistical rules to do so we fail to produce
the best available science.
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